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In apogamous ferns, all offspring from a parent are expected to be clonal. However, apogamous species 
frequently show a large amount of morphological and genetic variation. Cyrtomium fortunei and its rela¬ 
tives, which are distributed throughout Japan, are reported to be apogamous triploids, but show large and 
continuous morphological variation. Four varieties of C. fortunei have been recognized. We sought to 
determine whether an apogamous species has genetic variation, and if so, whether this variation relates 
to morphological variation within local populations. Among 224 individuals growing in four distantly 
located populations in Japan, where several varieties grow together, two rbcL types (a and p) and eight 
allozyme types (A-H) were identified. Several different genetic clones were detected in the local popula¬ 
tions examined. Only individuals that could be morphologically identified as C. fortunei var. interme¬ 
dium, based on bicolored indusia, had rbcL p and allozyme type H, and thus, were genetically differenti¬ 
ated by their nuclear and plastid genomes from the other three varieties of C. fortunei. The other three 
varieties shared the same rbcL (a), making correlation between allozyme types and varieties, especially 
genetic differences between var. fortunei and var. clivicola, unclear. 

Key words: allozyme, apogamy, clonal diversity, Cyrtomium fortunei, genetic variation, population ge¬ 
netics, rbcL 


Apogamy, in the broad sense, or agamospory 
in ferns, is a type of asexual reproduction in 
which unreduced spores are formed. The resul¬ 
tant gametophytes produce sporophytes of the 
next generation without fertilization (Manton 
1950). Apogamous reproduction is common in 
ferns. Approximately 10% of the world’s fern 
species (Lovis 1977) and 15% of Japanese fern 
taxa have apogamous reproduction (Takamiya 
1996). In apogamous ferns, all offspring from a 
sporopbyte are genetically the same unless muta¬ 
tions occur during reproduction. The amount of 
genetic variation within an apogamous species is 
therefore expected to be very low, especially in 
apogamous species not of recent and recurring 
origin. 


Darnaedi et at. (1990) reported the absence of 
allozyme variation within Dryopteris yakusilvi- 
cola Sa. Kurata, a triploid apogamous species of 
recent hybrid origin endemic to Yaku Island. Ab¬ 
sence of allozyme variation, however, is uncom¬ 
mon. In spite of the clonal nature of apogamous 
reproduction, many apogamous fern species 
show large morphological and some genetic vari¬ 
ation (Watano & Iwatsuki 1988, Suzuki & Iwat- 
suki 1990, Lin et al. 1995, Takamiya et al. 2001). 
Previous studies analyzing genetic variation in 
apogamous ferns using enzyme electrophoresis 
reported 45, 4, and 14 different clones from D. 
nipponensis (Ishikawa et al. 2003a), Asplenium 
unilaterale (Watano & Iwatsuki 1988), and D. 
bissetiana (Lin et al. 1995), respectively. Further- 
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more, genetic variation in combination with cyto- 
logical variation has been reported in apogamous 
ferns. Six different triploid and five diploid clones 
have been reported in Pteris cretica (Suzuki & 
Iwatsuki 1990) and one tetraploid and four trip¬ 
loid clones have been reported in Diplazium do- 
ederleinii (Takamiya et al. 2001). 

Cyrtomium C. Presl (Dryopteridaceae), char¬ 
acterized by peltate indusia and anastomosing 
veins that form areolae with included veinlets, is 
a genus of Asian ferns comprising approximately 
40 species. Cyrtomium contains many apoga¬ 
mous species, such as C. macrophyllum Tagawa 
(Kurita 1967, Hirabayashi 1970), C. caryotideum 
C. Presl (Kurita 1966, Mitsuta 1986, Matsumoto 
1976), and C.fortunei J. Sm. (Kurita 1960, Mitui 
1968, Mitui 1980, Hirabayashi 1970, Matsumoto 
& Shimura 1985). In terms of reproductive modes 
and cytotypes of C.fortunei, Nakato et al. (1995) 
reported a diploid sexual type from China that 
has 82 somatic chromosomes and 64 spores in 
each sporangium, in addition to a triploid apoga¬ 
mous type, which has 123 somatic chromosomes 
and 32 spores in each sporangium. Until now, 
however, only apogamous triploids have been re¬ 
corded in C.fortunei in Japan (Takamiya 1996). 

In the most recent Flora of Japan by Iwatsuki 
(1992), Cyrtomium fortunei s.lat. was character¬ 
ized by thin chartaceous to papyraceous pinnae 
with dentate distal margins, the number of pairs 
of pinnae usually more than 10, and pinnae less 
than 4 cm wide. Four varieties of C. fortunei , in¬ 
cluding var .fortunei, var. clivicola, var. interme¬ 
dium, and var. atropunctatum have been recog¬ 
nized based on differences in (1) the number of 
pairs of pinnae, (2) the color of the indusium, and 
(3) the presence or absence of an auricle on the 
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anterior base of the pinnae (Table 1). Among the 
four varieties of C. fortunei, var. fortunei has the 
highest number of pairs (15-30) of pinnae. Vari¬ 
eties clivicola, intermedium and atropunctatum 
have 5-20, 10-15, and 10-20 pairs, respectively. 
The color of the indusia of vars. intermedium and 
atropunctatum is grayish white with a dark 
brown center. The indusia in the other two variet¬ 
ies are completely grayish white. Var. intermedi¬ 
um has an auricle at the anterior base of each pin¬ 
na, which is absent in var. atropunctatum. Vars. 
fortunei and clivicola sometimes have auricles, 
but not always. 

The numbers of pairs of pinnae overlap among 
the varieties. Because morphological variation is 
continuous and individuals with intermediate 
morphology or various combinations of the 
above-mentioned morphological characteristics 
exist, it is very difficult to distinguish among the 
four varieties. Furthermore, even within local 
populations of Cyrtomium fortunei in Japan, 
large and continuous morphological variation is 
observed. Since C. fortunei is apogamous, it is 
expected to have low or discontinuous intraspe¬ 
cific variation, but the actual situation is very dif¬ 
ferent from expectations. 

Because it is difficult to identify the varieties 
of Cyrtomium fortunei on morphological charac¬ 
teristics, we sought to determine the genetic basis 
of their differences. Furthermore, it was impor¬ 
tant to clarify the relationship between morpho¬ 
logical variation and genetic clones. 

In the present study, fresh leaf samples were 
collected from mature individuals of Cyrtomium 
fortunei in four distantly located populations in 
Japan. In all populations, individuals that could 
be identified to the different varieties of C. fortu- 


Table 1. Distinctive morphological characteristics of four varieties of Cyrtomium fortunei sensu lato in Japan. 



Number of pairs of 
pinnae 

Color of center of 

indusium 

Presence or absence of auricle 
at anterior base of pinnae 

Cyrtomium fortunei 
var .fortunei 

15-30 

grayish white 

present/absent 

var. clivicola 

5-20 

grayish white 

present/absent 

var. intermedium 

10-15 

dark brown 

present 

var. atropunctatum 

10-20 

dark brown 

present 
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nei grew together. We first determined the geno¬ 
types of all samples, then distinguished clones 
using the rbcL sequence and allozyme variation 
as genetic markers. In asexually reproducing or¬ 
ganisms, the minimum biological unit is the ge¬ 
netic clone. We therefore concluded that the most 
efficient method of analyzing apogamous species 
such as C. fortunei was use genetic markers to 
identify clones growing within local populations. 
Such an intensive genetic analysis of a population 
of apogamous ferns has never been performed. 

Allozyme variation is a powerful codominant 
marker for population genetic analyses of wild 
plants. Nucleotide sequence variation in rbcL, 
which is encoded in chloroplast DNA and is ma¬ 
ternally in h erited in ferns, is a useful tool for de¬ 
termining maternal races in local fern popula¬ 
tions (Yatabe et al. 1998, Murakami et a1.1999). 
Lu el al. (2005) sequenced the chloroplast DNA 
rbcL and trnL-F regions of 19 species of the 
Cyrtomium, including C. fortunei, and eight spe¬ 
cies of related genera to establish the molecular 
phylogeny. They did not, however, analyze the 
varieties of C. fortunei. The rbcLs from the four 
varieties of C. fortunei have not been analyzed. 
After identifying the genetic clones, we com¬ 
pared morphological variation between the same 
and different genetic types within local popula¬ 
tions and between different populations. 

Each genetic type that could be distinguished 
by rbcL and/or allozyme markers was tentatively 
recognized as a separate clone. It should be noted 
that genetic types differing in any genetic marker 
belong to different clones, but types with identi¬ 
cal genotypes do not necessarily belong to the 
same clone. 

In this study, the following four questions 
were specifically considered: (1) Do several dif¬ 
ferent genetic clones exist in each population 
where several morphological varieties grow to¬ 
gether? (2) If several genetic clones do exist in 
each local population, how many clones are pres¬ 
ent in each population? (3) Are the same clones 
(individuals showing the same genetic type) 
shared, even among remote populations, or are 
different clones restricted to a local population? 
(4) Are genetic differences observed among the 


varieties correlated with morphological charac¬ 
teristics, or do the four varieties correspond to 
different genetic clones? 

Materials and Methods 

Study sites and sample collections 

Samples of Cyrtomium fortunei used in this 
study were collected from four populations in Ja¬ 
pan: Moroyama, Saitama Prefi; Kawazu, Shizuo¬ 
ka Prefi; Kobe, Hyogo Prefi; and Fuchu, Hiroshi¬ 
ma Prefi (Fig. 1). In each population, many mor¬ 
phological variants, which could be assigned to 
several different varieties of C. fortunei, grew to¬ 
gether. 

In general, whole fresh leaf samples were col¬ 
lected from mature individuals in each popula¬ 
tion. In the Moroyama, Kobe, and Fuchu popula¬ 
tions, quadrats were established and the location 
of each individual was recorded before the sam¬ 
ples were collected. In the Moroyama population, 
51 mature individuals of Cyrtomium fortunei 
were examined in an area of 60 x 20 m. In the 
Kobe population, mature leaves were collected 
from 83 individuals in an area of 100 x 20 m and 
from an additional 24 nearby individuals. In the 
Fuchu population, leaf samples from 55 individu¬ 
als were collected in an area of 50 x 50 m. Quad¬ 
rat size differed among populations because 
quadrats were set so that the total number of sam¬ 
ples in each quadrat was approximately 50, de¬ 
spite differing densities of individuals. The den¬ 
sity of plants of C. fortunei in the Kawazu popu¬ 
lation was too low to establish a quadrat. In all 
populations, the environment, such as the amount 
of direct sunlight (amount of shade), moisture in 
the soil, and topographical features were ob¬ 
served and recorded for each sample. 

We identified the four varieties of Cyrtomium 
fortunei on the basis of the distinctive morpho¬ 
logical characters shown in Table 1. We tentative¬ 
ly identified individuals with more than 15 pairs 
of pinnae as var. fortunei and those with 15 or 
fewer pairs of pinnae as var. clivicola. Cyrtomium 
fortunei var. clivicola and var. intermedium were 
found in the Moroyama and Kobe populations, al¬ 
though those varieties were not always distin- 
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guishable due to continuity in their morphologi¬ 
cal variation. Only var. fortunei and var. clivi- 
colum were in the Fuchu population; var. inter¬ 
medium was not found. Var. atropunctatum was 
also in the Kawazu population, in addition to var. 
fortunei and var. clivicola. 

Two pinnae were removed from each leaf 
sample. One pinna was maintained as a fresh leaf 
sample at 4°C in the refrigerator until it was used 
for allozyme and ploidy analyses. The other pin¬ 
na was dried with silica gel and kept in a small 
plastic bag at room temperature until it was used 
for DNA extraction. Fresh root samples were col¬ 
lected from representative individuals in the 
Kobe population. The remaining portion of the 
leaves was dried in newspapers to serve as a 
voucher specimen. All voucher specimens have 
been deposited in the Makino Herbarium (MAK) 
of Tokyo Metropolitan University. 

DNA extraction and sequencing of rbcL gene 

Total DNA was extracted from silica gel dried 


leaf samples using 2x hexadecyltrimethylammo- 
nium bromide (CTAB) solution according to the 
method of Doyle and Doyle (1990) with some 
modifications. In brief, 100 mg of dried leaves 
were ground into a fine powder using a TissueLy- 
ser (Retsch QIAGEN, Germany). Next, 500 pL of 
2x CTAB solution was added, mixed, and heated 
at 55°C for 20 min. After chloroform-isoamyl al¬ 
cohol (24:1) extraction, isopropanol precipitation 
was performed. The DNA pellet obtained was 
washed with 70% ethanol, air dried, and redis¬ 
solved in 50 pL TE buffer. PCR amplification of 
the rbcL gene was performed using Nova Taq Hot 
Start DNA Polymerase (Novagen, Madison, WI), 
lx Ampdirect Plus Buffer (Shimazu, Kyoto, Ja¬ 
pan), and the af and cr primers of Hasebe et al. 
(1994). In addition, four original internal primers 
dF (5'-GGTGTTGGATTCAAGCTGGT-3 r ), dR 
(5-GAGCCTGTACGCAAGCTTCT-3'), e2F 
(5-GCGGTGGACTTGATTTCACA-3'), and e2R 
(5'- G AC A AT T G GT GCACCC A ACT-3') were de¬ 
veloped in this study and used for sequencing. 
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The conditions for PCR amplifications were as 
follows: initial denaturation at 95°C for 10 min, 
45 cycles at 94°C for 30 s, at 58°C for 30 s, and at 
72°C for 90 s. The PCR products were incubated 
at 37°C for 30 min and at 80°C for 20 min with 
5% ExoSAP-IT (USB, Cleveland, Ohio) to re¬ 
move single-stranded DNA. For cycle sequencing 
reactions, a BigDye Terminator kit version 3.1 
(Applied Biosystems, Foster City, CA) was used. 
The reaction mixtures were analyzed on an auto¬ 
mated DNA sequencer model 3100 (Applied Bio¬ 
systems). The nucleotide sequences obtained 
were aligned using ClustalX2 (Larkin et al. 
2007). 

Molecular phylogenetic analysis 

To compare the rbcL sequences obtained from 
Japanese Cyrtomium fortunei with those obtained 
by Lu et al. (2005) from Chinese plants, maxi¬ 
mum parsimony (MP) analysis was performed 
using MEGA 5 software (http:// www.megasoft- 
ware.net/). The MP tree was obtained using the 
Close-Neighbor-Interchange algorithm with 
search level 1 in which the initial trees were ob¬ 
tained with random addition of sequences (10 
replicates). Analysis involved the 2 nucleotide se¬ 
quences of rbcL from Japanese plants as well as 
the 16 rbcL sequences reported by Lu et al. (2005) 
from C. macrophyllum, C. omeiense, C. urophyl- 
lum, C. caryotideum, C. aequibasis, C. fortunei, 
C. devexiscapulae, C. falcatum, C. nephrolepioi- 
des, C. shingianum, C. hemionitis, C. grossum , 
C. chingianum, C. lonchitoides, and C. gui- 
zhouense from China. A total of 1237 positions 
were in the final dataset of the rbcL sequences. 
Polystichum lonchitis was used as an outgroup. 
Bootstrap analysis with 1000 replicates was per¬ 
formed to evaluate internal support for the trees 
obtained. 

Allozyme analysis 

Fresh pinnae were ground in 1 ml of cold ex¬ 
traction buffer (pH = 7.5) containing 0.1 mM 
Tris-HCl, 1 mM EDTA-4Na, 10 mM KC1, 10 mM 
MgCl 2 , 0.4% 2-mercaptoethanol, and 10% poly¬ 
vinylpyrrolidone. Enzymes were resolved on 6% 
polyacrylamide gels following the procedures of 


Shiraishi (1988). We examined phosphoglucomu- 
tase (PGM), 6-phosphogluconate dehydrogenase 
(6PG), hexokinase (HK), and leucine aminopep- 
tidase (LAP), following the procedures of Shirai¬ 
shi (1988). Loci were numbered, with the most 
anodal locus as 1 and progressively more cath¬ 
odal loci with higher numbers. Alleles were simi¬ 
larly indicated at each locus, with the most an¬ 
odal form designated “a” and progressively slow¬ 
er forms as “b,” “c,” and so on. 

Estimation of reproductive mode 

The reproductive mode (apogamous or sexu¬ 
al) in most homosporous ferns can be estimated 
simply by counting the number of spores in a spo¬ 
rangium. Sexual ferns usually have 64 spores per 
sporangium, whereas apogamous ferns have 32 
(Manton 1950). We counted the number of spores 
per sporangium in the voucher specimens from 
the above four localities to determine the repro¬ 
ductive mode. 

Cytological observation and ploidy analysis us¬ 
ing flow cytometry 

Mitotic chromosomes were observed in mate¬ 
rials collected from six plants, which showed dif¬ 
ferent genetic types, in the Kobe population. In 
this population, the largest number of different 
genetic types was identified by rbcL sequencing 
and allozyme analysis. Therefore, cytological ob¬ 
servations and ploidy analyses of Cyrtomium for¬ 
tunei were performed on this population. Root 
tips were pretreated with 0.002 M 8-hydroxy- 
quinoline for 6 h at approximately 20°C. After 
fixation in 45% acetic acid for 15-30 min, the root 
tips were hydrolyzed in 1 N HC1 at 60°C and then 
squashed in 2% aceto-orcein. Chromosomes 
were observed with an Olympus BX-41 micro¬ 
scope and photographed with an Olympus DP-50 
digital camera. 

Furthermore, to determine the ploidy level of 
individuals growing in the Kobe population in 
detail, the DNA content of each nucleus extracted 
from fresh pinnae samples was measured by flow 
cytometry using a CyFlow Ploidy Analyzer 
(Partec, Munster, Germany) as well as a Cystain 
UV Precise P kit (Partec, Munster, Germany). A 


Nil-Electronic Library Service 



The Japanese Society for Plant Systematics 


Acta Phytotax. Geobot. 


Vol. 62 


6 

sample leaf segment approximately 5><5 mm 
was finely chopped with a razor blade in 0.5 ml of 
nucleus extraction buffer from the kit, then fil¬ 
tered through a 50 pm mesh and stained with 1.5 
ml of staining buffer containing 4', 6-diamidino- 
2-phenylindole hydrochloride from the kit. Fresh 
leaf tissues of a diploid individual of C. fortunei 
collected in China (Nakato et al. 1995) and an¬ 
other triploid individual from the Kobe popula¬ 
tion, whose ploidy level was determined from 
chromosome counts during this study, were used 
as controls. First, the DNA content per nucleus 
was measured for the diploid and triploid con¬ 
trols. We then analyzed 80 samples collected 
from the Kobe population under the same condi¬ 
tions. 

Morphological observation 

After identifying the allozyme types, mor¬ 
phological characters among the different genetic 
types were analyzed and compared. The charac¬ 
ters used were (1) number of pairs of pinnae, (2) 
color of indusium, and (3) presence or absence of 
an auricle on the anterior base of the pinna. Dif¬ 
ferences in the characters (1) among the allozyme 
types were statistically tested using the Steel- 
Dwass’ test. 

Quantification of genetic variation 

To quantify the clonal diversity detected in 
each population as well as within Cyrtomium for¬ 
tunei : , Simpson’s diversity index (ID) was calcu¬ 
lated for every population as well as for the entire 
species: 

D=l-2{[n i (n i -l)]/[N(N-l)]}, 
where ly is the number of individuals of vari¬ 
ant i and N is the number of individuals collected. 

Results 

Nucleotide sequence variation of rbcL gene 

We determined the 1317-bp nucleotide se¬ 
quence of the rbcL gene for 224 individuals of 
Cyrtomium fortunei from the four populations. 
Two types of rbcL sequences were obtained, 
hereafter referred to as rbcL sequences a and p. 
The sequences have been deposited in the DNA 


Database of Japan under accession numbers 
AB598689 and AB598690, respectively. Seven 
base pair substitutions were observed between 
the two sequences. Leaf samples collected from 
the Moroyama and Kobe populations showed 
both a and P rbcL sequences (Table 2). In con¬ 
trast, samples collected from the Kawazu and Fu- 
chu populations showed only sequence a. 

Molecular phylogenetic analysis 

Molecular phylogenetic analysis of rbcL se¬ 
quences obtained from Cyrtomium was per¬ 
formed by the MP method to infer the phyloge¬ 
netic position of the sequences a and p. One of the 
30 most parsimonious trees (length = 78) ob¬ 
tained in this study is shown in Fig. 2 with boot¬ 
strap probabilities. Its consistency index was 0.72 
and retention index was 0.80. The rbcL sequence 
P from Japanese C. fortunei was the same as in C. 
aequibasis. Cyrtomium aequibasis is more close¬ 
ly related to C. macrophyllum. rbcL sequence a 
differed in two base pairs from the Chinese C. 
fortunei reported by Lu et al. (2005), but still 
formed a clade with it (Fig.2). 

Allozyme variation 

We performed electrophoretic analysis of four 
enzyme systems and determined the genotype of 
224 individuals of Cyrtomium fortunei. We were 
able to resolve six loci in total. For PGM and 6PG 
enzyme systems, two loci (. Pgm-1 and Pgm-2, 
and 6pg-l and 6pg-2 ) were detected, although 
6pg-l showed no allelic variation and was exclud¬ 
ed from further analysis. For HK and LAP en¬ 
zyme systems, one locus each was detected. 

In total, eight electrophoretically distinguish¬ 
able types were recognized (Fig. 3 and Table 2) 
and named allozyme types A through H. Geno¬ 
types and the number of individuals of each allo¬ 
zyme type observed in the four populations ex¬ 
amined are shown in Table 2. In all four popula¬ 
tions examined in this study, individuals with 
several allozyme types were observed, indicating 
that several different clones were growing togeth¬ 
er in each population (Fig. 4). In the Moroyama 
and Kobe populations, three and five types were 
identified, respectively. Three allozyme types (A, 
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Table 2. Distribution of the two rbcL types (a and b) in four populations of Cyrtomium fortunei s.lat. 




rbcL- type 


Total number of individuals 

Population 

a 


P 

examined 

Moroyama 

28 


23 

51 

Kawazu 

11 


0 

11 

Kobe 

85 


22 

107 

Fuchu 

55 


0 

55 


52 

3 


4 


10 


84 


8 


— C. macrophyllum 
C. omeiense 
64 C. urophyllum 
C. caryotideum 


5fi| 

1 


94 


C. fortunei p 


97 


C. aequibasis 

C. fortunei a 


c 


C. fortunei (China) 


95 


£ 


C. devexiscapulae 
C. falcatum 


97 


55 


C. nephrolepioides 
C. shingianum 
— C. hemionitis 

C. grossum 
C. chingianum 


98 


14 

Polystichum lonchitis 


C. lonchitoides 
—— C. guizhouense 


i-1 

2 

Fig. 2. One of the most parsimonious trees based on rbcL sequence of Japanese Cyrtomium fortunei and Chinese species of 
Cyrtomium reported by Lu et al. (2005) (length = 78 steps; consistency index = 0.72; retention index = 0.80). Percentage 
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) and number of base 
pair substitution are shown above and below each branch, respectively. 
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E, and H) were in common between these two 
populations, although the populations are remote, 
separated by approximately 500 km (Table 3). 
Only individuals of allozyme type H had rbcL se¬ 
quence (3, whereas those of all other allozyme 
types had rbcL sequence a. Table 3 summarizes 
the results of Simpson’s diversity index (D). 

Reproductive mode 

Reproductive mode was estimated by count¬ 
ing the number of spores per sporangium for 140 
individuals (46 from the Moroyama population; 
11 from Kawazu; 46 from Kobe; and 43 from Fu- 
chu). At least two individuals in each of the eight 
clones recognized in this study were included in 
the analyses. All individuals examined had 32 
spores per sporangium, suggesting that plants of 
all eight allozyme types were apogamous. 

Morphology 

From our genetic analyses and morphological 
observations we found that all individuals of al¬ 
lozyme type H with rbcL sequence P had bicol¬ 
ored indusia (Fig. 5). Plants with allozyme type B 
in the Kawazu population had bicolored indusia, 
but their rbcL sequence was a. Individuals of all 
other allozyme types (A, C-G) had uniformly 

ABCDEFGH 

Pgm-1 b — — — — — — — — 

Pgm-2 c -_ 



Fig. 3. Zymograms of Japanese Cyrtomium fortunei s.lat. 
Band patterns of four enzyme systems (PGM, HK, 6PG, 
and LAP) are shown for each of the eight allozyme types 
(A-H). 


light gray indusia, although they varied in leaf 
morphology. 

The relationship between allozyme types and 
number of pairs of pinna e is shown in Table 4. In 
addition, variation in number of pairs of pinnae 
in each allozyme type is shown in Fig. 6. In Fig. 6 
it can be seen that allozyme type D has a signifi¬ 
cantly greater number of pinnae than other allo¬ 
zyme types (A, B, C, E, F and H). Type G, how¬ 
ever, was not significantly different from types A 
to F, including type D. Type H tended to have a 
lower number of pinnae, but not significantly less 
than in other types (A, B, C, E and F). Large vari¬ 
ation in the number of pairs of pinnae was ob¬ 
served in all allozyme types, although it is still 
possible that several different clones were con¬ 
tained in one allozyme type. The relationship be¬ 
tween the varieties of Cyrtomium fortunei and al¬ 
lozyme types is shown in Table 5. 

Cytological analysis 

The chromosomes of a few individuals of 
each of the five allozyme types from the Kobe 
population were counted (Fig. 7). All allozyme 
types showed 2 n = ca. 123. All genetic types de¬ 
tected in the population were therefore deter¬ 
mined to be triploid. 

Flow cytometry showed that the triploid con¬ 
trol had 1.5 times more DNA per nucleus than the 
diploid control. This diploid individual of Cyrto¬ 
mium fortunei from China had rbcL a. Thus, its 
close relationship to the Japanese triploid C. for¬ 
tunei could be supposed. The DNA content per 
nucleus in the 80 individuals from the Kobe pop¬ 
ulation and in the triploid control was identical, 
and 1.5 times the nuclear content of the diploid 
control. All 80 individuals were therefore deter¬ 
mined to be triploid. We concluded that all indi¬ 
viduals of C. fortunei in the Kobe population are 
apogamous triploids. 

Discussion 

In this study, two rbcL types (a and (1) and 
eight allozyme types (A-H) were detected in 
Cyrtomium fortunei. On the basis of morphology, 
four varieties were identified, however, a greater 
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Table 3. Distribution of eight allozyme types in four populations of Cyrtomium fortunei s.lat. and Simpson’s diversity index 
( D ) calculated on the basis of allozyme variation in each population. Individual numbers of each allozyme type found in 
the four local populations as well as values of D are shown. 






Allozyme type 




Simpson’s 

Index 

Population 

A 

B 

C 

D 

E 

F 

G 

H 

Moroyama 

1 




27 



23 

0.53 

Kawazu 


6 

5 






0.55 

Kobe 

37 




26 

11 

11 

22 

0.77 

Fuchu 




51 

2 


2 


0.14 

Total 

38 

6 

5 

51 

55 

11 

13 

45 

0.82 











The Japanese Society for Plant Systematics 



FIG. 5. Indusia of the four varieties of Cyrtomium fortunei. 1: var .fortunei. 2: var. clivicolum. 3: var. atropunctatum. 4: var. in¬ 
termedium (bar = 1 cm). 


number of genetic clones were observed in C. for¬ 
tunei. In the Kobe and Moroyama populations, 
individuals of allozyme type H had rbcL se¬ 
quence p, whereas those of all the other types had 
rbcL sequence a, thereby showing that rbcL p 
type was genetically different from the rbcL a 
type even in the nuclear genome (allozyme loci). 
Furthermore, only individuals with rbcL P and 
the H allozyme pattern had bicolored indusia, 
which is one of the morphological characteristics 


peculiar to C. fortunei var. intermedium. It was 
therefore concluded that C. fortunei var. interme¬ 
dium is genetically different in its nuclear and 
plastid genomes from other varieties of C. fortu¬ 
nei. Seven base pairs were different between rbcL 
a and p. The differences were as large as those 
between distinct species (Yatabe et al. 2009). Zy¬ 
mograms of the H type are similar to zymograms 
of the other types (Fig. 3). To clarify the origin of 
var. intermedium, careful comparison with mem- 
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bers of the Cyrtomium macrophyllum group with 
rbcL (3 using several molecular markers is neces¬ 
sary. 

As for other allozyme types, type B corre¬ 
sponded to Cyrtomium fortunei var. atropuncta- 
tum, which is also characterized by having bicol¬ 
ored indusia, although the color of their central 
portion is not as dark as in allozyme type H or 


o 




ABCDEFGH 

( 9 ) ( 6 ) ( 5 ) ( 51 ) ( 36 ) ( 7 ) ( 10 ) ( 41 ) 

Allozyme type 


Fig. 6. Variation in number of pairs of pinnae in each allo¬ 
zyme type. Horizontal lines indicate minimum, first 
quartile, median (thick line), third quartile and maxi¬ 
mum, respectively from bottom. Circles (o) indicate out¬ 
lier points. Sample size is in parentheses. Letters (a, b, c 
and d) indicate significant difference at P < 0.05 by 
Steel-Dwass’ multiple range test. 


var. intermedium (Fig. 5). Vars. fortunei and cliv- 
icola both have grayish white indusia, but we 
could not separate the allozyme types A, C, D, E, 
F and G into two groups so as to correspond to 
those two varieties. 

On the basis of our rbcL and allozyme data, 
Cyrtomium fortunei vars. fortunei and clivicola 
were found to be morphologically and genetically 
indistinguishable. Using genetic markers, we de¬ 
termined that at least seven genetic clones were 
present in the apogamous Cyrtomium fortunei , 
even after var. intermedium, which is genetically 
and morphologically distinct, was excluded from 
it. How did an apogamous species acquire such 
considerable genetic variation? Several hypothe¬ 
ses have been proposed to explain increased ge¬ 
netic variation within an apogamous fern: (1) hy¬ 
bridization with closely related sexual species 
(Suzuki & Iwatsuki 1992), (2) unequal meiosis 
(Lin et al. 1992), (3) recurring origin (Watano & 
Iwatsuki 1988), and (4) genetic segregation by ho- 
moeologous chromosome pairing (Klekowski 
1973, Ishikawa et al. 2003a, b). Hypotheses (1) 
and (2) cannot explain the genetic variation ob¬ 
served in C. fortunei because only apogamous 
triploids have been recorded in C. fortunei in Ja¬ 
pan. In C. fortunei , hypothesis 3, the recurring 
origin of triploid apogamous types from related 
sexual types in the past, remains. It seems, how¬ 
ever, that genetic variation would not be main- 


Table 4. Relationship between number of pairs of pinnae and allozyme types. 


Allozyme type 

iNuniDer of pairs 01 pinnae 

A 

B 

C 

D 

E 

E 

G 

H 

1- 5 

0 

0 

0 

0 

2 

0 

0 

2 

6-10 

2 

1 

1 

1 

8 

3 

2 

28 

11-15 

7 

4 

3 

17 

21 

3 

4 

11 

16-20 

0 

1 

1 

22 

4 

1 

2 

0 

20-25 

0 

0 

0 

11 

1 

0 

2 

0 

Table 5. Relationship between morphological variety and allozyme type. 

Allozyme type 

vai iCLiC!s 

A 

B 

C 

D 

E 

F 

G 

H 

var .fortunei 

o 


O 

O 

O 

O 

O 


var. clivicola 

o 


o 

o 

O 

O 

o 



var. intermedium o 


var. atropunctatum 


o 
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Fig. 7. Somatic chromosomes of individuals with 
their explanatory diagrams (right). All clones 1 
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Table 6. Comparison of Simpson’s diversity index ( D ) calculated on the basis of allozyme variation in six apogamous species 
Cyrtomium fortunei, Dryopteris bissetiana, D. nipponensis, D. pacijica, D. sacrosancta and D. varia. 


Species 

Simpson’s Index D 

Reference 

C. fortunei 

0.82 

This study 

D. bissetiana 

0.81 

Lin et al. (1995) 

D. nipponensis 

0.81 

Ishikawa et al. (2003a) 

D. pacifica 

0.91 

Lin et al. (1995) 

D. sacrosancta 

0.33 

Lin et al. (1995) 

D. varia 

0.90 

Lin et al. (1995) 


tained for long periods (thousands of generations) 
in local populations, usually consisting of at most 
several hundreds individuals. Natural selection 
and genetic drift inevitably operate, even in pop¬ 
ulations of apogamous species. Moreover, gene 
flow among populations does not appear high, as 
shown by the considerable differences in consti¬ 
tution and frequencies in allozyme types among 
the populations. As a result, several different 
clones do not appear to be maintained in apoga¬ 
mous species unless genetic variation is constant¬ 
ly generated. We therefore consider novel genetic 
clones to be produced from an apogamous lin¬ 
eage of C. fortunei. 

In the Kobe population, a series of band pat¬ 
terns were observed on zymograms obtained 
from the samples that could have been easily gen¬ 
erated through segregation during homoeologous 
chromosome pairing. For example, band patterns 
of clone F can be explained by segregation from 
those of clone E, especially at the 6pg-2 loci. The 
frequency of segregation by homoeologous par¬ 
ing in C. fortunei should be examined in future 
studies. For this purpose, we need to analyze and 
compare the genetic composition of offspring de¬ 
rived from an individual parent in an apogamous 
species. 

If genetic segregation by homoeologous chro¬ 
mosome pairing occurs in an apogamous fern, it 
is expected that homozygosity will increase and 
heterozygosity will disappear. Heterozygous al¬ 
lozyme patterns, however, were observed in 
Cyrtomium fortunei. We considered that deleteri¬ 
ous genes were expressed in some of the segre¬ 
gated individuals and were removed from the 
populations. 

Another interesting question related to the 


relatively high genetic variation in Cyrtomium 
fortunei is how genetic diversity is maintained in 
many local populations of apogamous fern spe¬ 
cies. The value of Simpson’s diversity index (D) 
calculated for C. fortunei was high enough, even 
compared with Dryopteris nipponensis and D. 
pacifica, in which genetic segregation and un¬ 
equal meiosis were reported, respectively (Table 
6). This suggests that several different clones 
grow together in each local population of C. for¬ 
tune i. Two hypotheses can explain this situation: 

(1) niche differentiation occurs among different 
clones. Several clones can therefore coexist for 
long periods of time within each population, and 

(2) new clones are always generated by mutation 
and/or genetic recombination faster than they are 
removed from the population by selection and/or 
random genetic drift. The first hypothesis pre¬ 
dicts that each clone grows in different environ¬ 
ments. In fact, niche differentiation, or at least di¬ 
versity related to the amount of shade and soil 
moisture among allozyme types, was not ob¬ 
served in this study, although we located each ge¬ 
netic type in the three different local populations. 
The second hypothesis predicts that new clones 
with different genotypes will be generated at a 
relatively high rate. These two hypotheses are not 
mutually exclusive, but more detailed ecological 
comparison among the allozyme types in each 
population and examination of the frequency of 
genetic segregation is necessary to understand 
the high genetic variation observed in popula¬ 
tions of the apogamous C. fortunei. 

We are grateful to Mr. Y. Kazumi, Mr. N. Hamada, Mr. Y. 
Sato, Mr. T. Shiraiwa, and Mr. M. Tanaka for their kind 
support. We are also grateful to Dr. T. Sugawara and Dr. 
H. Kato of the Makino Herbarium, Tokyo Metropolitan 


Nil-Electronic Library Service 



The Japanese Society for Plant Systematics 


14 

University, for valuable suggestions during the course of 

this study. This study was partly supported by a Grant-in- 

Aid for Scientific Research (#21370037) from the Japan 

Society for the Promotion of Science to N.M. 

References 

Darnaedi, D., M. Kato & K. Iwatsuki. 1990. Electropho¬ 
retic evidence for the origin of Dryopteris yakusilvi- 
cola (Dryopteridaceae). Bot. Mag. (Tokyo) 103: 1-10. 

Doyle, J.A. & J.L, Doyle. 1990. Isolation of plant DNA 
from fresh tissue. Focus 12: 13-15. 

Hasebe, M., T. Omori, M. Nakazawa, T. Sano, M. Kato & 
K. Iwatsuki. 1994. RbcL gene sequences provide evi¬ 
dence for the evolutionary lineages of leptosporangi- 
ate ferns. Proc. Natl. Acad. Sci. USA 91: 5730 5734. 

Hirabayashi, H. 1970. Chromosome numbers in Japanese 
species of Dryopteris (4). J. Jap. Bot. 45: 11-19. 

Ishikawa, H., M. Ito, Y. Watano & S. Kurita. 2003a. Elec¬ 
trophoretic evidence for homoeologous chromosome 
pairing in the apogamous fern species Dryopteris 
nipponensis (Dryopteridaceae). J. PI. Res. 116: 165— 
167. 

Ishikawa, H., M. Ito, Y. Watano & S. Kurita, 2003b. Ex¬ 
tensive electrophoretic variation in the apogamous 
fern species, Dryopteris nipponensis (Dryopterida¬ 
ceae). Acta Phytotax. Geobot. 54: 59-68. 

Iwatsuki, K., T. Yamazaki, D. E. Boufford & H. Ohba, 
(eds.) 1992. Flora of Japan Vol. I. Kodansha, Tokyo. 

Klekowski, E. J. Jr. 1973. Sexual and subsexual systems 
in homosporous pteridophytes: A new hypothesis. 
Amer. J. Bot. 60: 535-544. 

Kurita, S. 1960. Chromosome numbers of some Japanese 
ferns. J. Jap. Bot. 35: 269-272. 

Kurita, S. 1966. Chromosome numbers of some Japanese 
ferns (5). J. Jap. Bot. 41: 82-84. 

Kurita, S. 1967. Chromosome numbers of some Japanese 
ferns (7). Ann. Rep. Foreign Stud. Coll. Chiba Univ. 
2: 57-61. 

Larkin, M.A., G. Blackshields, N.P. Brown, R. Chenna, 
P.A. McGettigan, H. McWilliam, F. Valentin, I.M. 
Wallace, A. Wilm, R. Lopez, J.D. Thompson, T.J. 
Gibson & D.G. Higgins. 2007. Clustal W and Clustal 
X version 2.0. Bioinformatics 23: 2947-2948. 

Lin, S.-J., M. Kato & K. Iwatsuki. 1992. Diploid and trip- 
loid offspring of triploid agamosporous fern 
Dryopterispacifica. J. Pi. Res. 105: 443—452. 

Lin, S.-J., M. Kato & K. Iwatsuki. 1995. Electrophoretic 
variation of the apogamous Dryopteris varia group 
(Dryopteridaceae). J. PI. Res. 108: 451-456. 

Lovis, J.D. 1977. Evolutionary patterns and processes in 
ferns. Advanced Bot. Res. 4: 229-415. 

Lu, J.M., D.Z. Li, L.M. Gao, X. Cheng & D. Wu. 2005. 


Vol. 62 

Paraphyly of Cyrtomium (Dryopteridaceae): evi¬ 
dence from rbcL and trnl -F sequence data. J. PI. 
Res. 118:129-135. 

Manton, I. 1950. Problem of Cytology and Evolution in 
the Pteridophyta. Cambridge University Press, Cam¬ 
bridge. 

Matsumoto, S. 1976. On relation between chromosome 
numbers and apogamy of Cyrtomium caryotideum. 
Nat. Hist. Tokai. Dist. 2: 35. 

Matsumoto, S. & Y. Shimura. 1985. Chromosome num¬ 
bers and the reproductive mode of Japanese Cyrto¬ 
mium. Ann. TsukubaBot. Gard. 3: 13-17. 

Mitsuta, S. 1986. A preliminary reports on reproductive 
type of Cyrtomium (Dryopteridaceae). Acta Phyto¬ 
tax. Geobot. 37: 117-122. 

Mitui, K. 1968. Chromosome and speciation in ferns. Sci. 
Rep. Tokyo Kyoiku Daigaku Sec. B, 13: 285-333. 

Mitui, K. 1980. Chromosome numbers of Japanese pteri¬ 
dophyta (2). Bull. Nippon Dental Univ. Gen. Edu. 9: 
217-229. 

Murakami, N., Y. Yatabe, H. Iwasaki, D. Darnaedi & K. 
Iwatsuki. 1999. Molecular a-taxonomy of a morpho¬ 
logically simple fern Asplenium nidus complex from 
Mt. Halimun National Park, Indonesia. In: M. Kato 
(ed.), The Biology of Biodiversity, 53-66. Springer- 
Verlag, Tokyo. 

Nakato, N., M. Kato & B.-D. Liu. 1995. A cytotaxonomic 
study of some ferns from Jiangsu and Zhejiang Prov¬ 
inces, China. J. Jap. Bot. 70: 194-204. 

Shiraishi, S. 1988. Inheritance of isozyme variations in 
Japanese black pine, Pinus thunbergii Pari. Silvae 
Genet. 37: 93-100. 

Suzuki, T. & K. Iwatsuki. 1990. Genetic variation in aga¬ 
mosporous fern Pteris cretica L. in Japan. Heredity 
65: 221-227. 

Takamiya, M. 1996. Index to Chromosomes of Japanese 
Pteridophyta (1910-1996). Japan Pteridological Soci¬ 
ety. 

Takamiya, M., N. Ohta, Y. Yatabe & N. Murakami. 2001. 
Cytological, morphological, genetic, and molecular 
phylogenetic studies on intraspecific differentiations 
within Diplazium doederleinii (Woodsiaceae: pteri¬ 
dophyta). Int. J. PI. Sci. 162: 625-636. 

Watano, Y. & K. Iwatsuki. 1988. Genetic variation in the 
Japanese apogamous form of the fern Asplenium uni- 
laterale Lam. Bot. Mag. (Tokyo) 101: 213-222. 

Yatabe, Y., M. Takamiya & N. Murakami. 1998. Variation 
in the rbcL sequence of Stegnogramma pozoi subsp. 
mollissima (Thelyptcridaceae) in Japan. J. Pi. Res. 
Ill: 557-564. 

Yatabe, Y., W. Shinohara, S. Matsumoto & N. Murakami. 
2009. Patterns of hybrid formation among cryptic 
species of bird-nest fern, Asplenium nidus complex 
(Aspleniaceae), in West Malesia. Bot. J. Linn. Soc. 
160: 42-63. 

Received November 22, 2010; accepted February 10, 2011 


Acta Phytotax. Geobot. 


Nil-Electronic Library Service 



